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By Luke L. LiccFni 

FOU goo tr+o-dimeneional turning passages  designed by the methd 
of character is t ics  were tested a t  an inlet Mach nwiber of l.”l.. The 
measured losses varied from 5 to 15 percent of the W e t  s t a m t i o q  
pressure.. The ammest loss  was obtain&  for a passage in which 
separation on the convex surface was mFnimized. through the fntroduction 
of  a favorable  pressFe -adient. 

Reference 1 presents several schemes of superson-ic compressora, 
one of which would give high values of cnmgression r a t i o  if  supersonic 
turn- and diffusing problems relate t o  the rotor  and s ta tor  design 
could be aolv.ed. For such a compressor, the stream enters the rotor  
a t  a relative supersonic  velocity and undergoes a large change of 
direction Fn the rotor .  Leaving the rotor,  t h e  air then enters the 
s ta tor  a t  a high supersonic velocitg and is diffused tn the stator t o  
subsonic  velocity. A more detailed  analysis of this type of compressor 
is presented in reference 2. The analysis In r e fe rwe  2 shows that 
wlth a vaxiable-geometry stator, a stage compression r a t i o  of the 
order of 6 to  10 may be obtawed with an adiabatic efficiency rang- 
from 75 to 80 psrcent,  provided that a tur- angle of the order of goo 
can be accomplished In the  rotor  without large losses f o r  an entrance 
Mach  number of about 1.70. In view of the intereatimg  possibil i t ies 
indicated by the a n a l p i 8  of reference 2, a preliminazg lnvestigation 
wa8 conhcted at  the Langlq Aeronautical  Zaboratoq in order t o  
determine criterione f o r  the design of an efficient supersonic  rotor 
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passage employing a 9' turn. It may be noted that the problem of an 
ef f ic ien t  turn of t h i s  magnitude arises a 1 s o . b  the design of turbines 
with relative  supersonic  entrance  velocities. 

In the present investigation, four turning-paasage  desigue having 
different  aerodynamic design c r i t e r i m s  were analyzed a r d  tested by 
means of. the stationary  cascade te.chnique. For ths design cmditione 
of the rotor  considered, all of the waveB generated by the blades are 
contained inside the passage (reference 21, and no interference  exlsts 
between different psssagee; therefore, in the caecade tests, only a 
single paaaaQe was  reprohced in order t o  sFrmiLate t h e  ccmditime of 
the rotor.  For each  paaeage, the velocity  distribution and the loesee 
in stagnation preseure were msasured a t  the  exft .  Because of the large 
curvature, the 'boundary-layer effects were expected t o  be large; how- 
ever,  the  nature and magnitude of  these ef fec ts  were not known before- 
hand and were taken I n t o  consideratian as the t e s t e  proceeded. 

Reference 2 shows that a compression fn the rotor  rather than an 
expsssfon is desirable.  For some practical   velocity diagrams, in  rotor 
passa~es with  constant epan, the exit   velocity i s  larger than the 
entrance  velocity;  therefora, as stated in reference 2, use of a 
converging annulus is deelrable t o  achieve cnmpreseian in the rotor .  
For t h i s  reason, in this preliminary lnvestiejatim, stests were a lso  
made in which the span was decraaeing aloag the pas,e.age. .. - 

The analysis of reference 2 indicates that the possibi l i ty  of 
obtaining, a t  the starting  conditions,  variation of entrance  velocity 
and rotat ional  speed of the aupersanic ccanpreesor coneidered dependa 
upon the flow in the  vicinity of the sharp leadlng edge of the rotor  b 
blade when a detached shock is present in front of the blade. Addi- 
tional tests wers  t h w  made with the blade ee t  at Mgh angles of attclck 
that may correspond to  operating  conditions  other than the design 
condition. 

4 .  

. " .. . .. 

Because of the lamy variables  involved and because no previous 
similar experimental reflulte were available, thie Fnveetigatim has 
been directed toward underet~mding the general phenomna related t o  
the problem rather  than toward developing  specific blade designs. The 
Fnformatim obtained, however, can be applied  directly  to blade designs 
of pract ical   in tereet  and cas be used in different  velocity diagrame 
and f o r  different valuss of turning angle. 
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. blade chord  (fig. 1) 

distance  between  blades nmml to stream (fig. 1) 

IIM.88 flow 

static  pressure 

blade  spacing  (fig. 1) 

maximum thiclmees of blade 

area normal to the etraam 

Mach nuuiber 

stagnation pressure 

velocity 

angle of attack, d e p e s  

deviation of f low f r o m  stream direction, degrees 

temperatare (OF, aholute) 

solidity 

thicknese  ratio 

Subscripts : 

0 abeolute inlet stagnation condftion 

1 entrance  condition 

2 exit coaditim 

av  average  condition 

A atmspheric  conditian, 
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In t h e  deeim of a chsnnel  to  represent a blade pasoage  that cazl 
be used in a supersonic  compressor of ths type  discussed in the  
RU!RODZK;ITION, prellninm?g considerations  indicated  that the following 
requirements  ehould generally be fulfilled for t he  design  operating 
conditions of the  compressor: The air that enters the  paesage  at 
supersonic speed rwt change  direction very rapldly in order to  avoid 
high solidity in the  rotor  blades;  the  shape of t h e  convex and ccmcave 
surfaces  of  the pasoage must give a blade shape of practical  thickness; 
the disturbances in the f l o w  produced by the  passage  muet be ccmfined 
inside  the  passage; the exit  velocity must be of the a m  . d e r  of 
mamitude &a the  entrance  velocity, or possibly ennaller; and  the blade 
spactng at  the  entrance and exit  muet be equal in order to give sharp- 
edge blades. 

These requirements impose a m 3  1imLtatians on the pasoage deeign 
and also fir acme of the param3ters  that m u e t  be investfgated in a 
further  analysis.  For example, the blade chord  relative  to the blade 
epacing (fig. 1) for a given  turning angle is a function.of the 
diffarenae in stream  velocity  between  the  two  curved  eurfaceo of the 
passage, and the blade solidity  decreases aa the difference in etraam 
velocity  between  the  convex and concave  eurfaces of the passage 
increaoes. The thicknsos  ratio of the blade correspanding  to t h e  
passage is a function  of the curvature  of the paasage, of the  velocity 
distribution along the paasage, an3 of the  etagger angle.  

Because  the  axial  veloaity  ie usually subaonic  (subsonic flojr in 
front of the rotor)  in all the  paesagee  coneidered  the  canvex surface 
was designed pasallel to  the  relative stream direction in the zone of 
the leading e d e .  Only when the  entrance  velocity camponenf. in a 
normal direction  to ths plans of rotatfon is lager thsn ths speed of 
s.omd cau waves be produced at the leading edge of t h e  convex surface. 
If, therefore, a wedge of finite  physical  dimensicme is bo be  obtained 
at  the  leading edge of ths  blade, t he  concave surface at  the  leading 
edge muet  be  inclined  to the undisturbsd  etream  direction. If n3 
disturbmcea are to be transmitted  upetream from the passage (the 
disturbsnses In the flow produced  by  the  passage  muat be confined 
inside ths PSSSSB), the  shock muat 8tEtrt at the leading edge of the 
concave ourface, and,  therefora, must be  inside t h e  passage. 

In the design of the turning paereage, the  characteristice eyetem 
was wed to determine t h ~  f low f i e l d  in the passage. When compression 
waves were Fntmduced, the flow stlll w a ~  assumed to be potential flow. 
This  assumption was coneldered  juetified becawe the Mach nmber 
variation in the passage waa small in most  cases. 

. " 
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The  detailed conslderatime in the design  of  the  four turning 
passages  and  wedge  model  fnvestigated  are  discussed in the  followlng 
sections. Ths coordkates of the blades  represented  by  the  various 
turning-passage d e l e  are given in table I and the primsry geometrical 
parameters of the b l & ~  are ~lmmvtrized in table II. 

Mdel 1.- Model 1 was  considered a preliminary design  which  could 
be  tested  to e v e  an indication of the  basic aerodpamfc phenomens  that 
would aid in the developmat of succeeding desi@s. The turn was very 
gradual and resulted in a rather thfn blade which may be of  little 
interest  for  practical  considerations. 

Figure 2(a) presents  the  theoretical  Mach  number  distribatian  at 
the  convex  and cmcsva surfaces as a fmction of the  percent  of chmd 
for mdel  1. In figure 3( a) the sm3 Mach  number  distribution is 
given aa a funct-lan  of the surface angle along the paasage. 

The  characteristics  net for m o d e l  1 is shown in figura 4. For the 
desiep  of  this model, the followhg arbitrary conatione were  chosen: 
At a, design  entrance  Mach  numker of 1.71 the leading edge of ths concaw 
surface wae designed  to  produce a shock; the  leading cage of the 
convex  surface was deefeped to 3e parallel  to  the  stream  direction; 
compression  waves  were  produced  at  the  concave  surface an2  expansion 
waves at the  convex surface; the initial shock wave and t h e  subsequent 
comprsssion waves were reflected at the  convex surface a8 expansion 
weves; and  the  intensity of the  ezpsssion  and  compression waves was 
fixed in order  to obtain a constant  difference in velocity  between  the 
two surfaces corresponding  to an srpansicm from M = 1.50 to M = I .99. 

Along th3 cmzave surface  the  velocity  at the 12-psrcant-chord 
station  rsached a minimum of M = 1.50 and rem%ined  constant to ths 
83-percent-chord statim. (See fi-. 2(a) and 3(a)  .> At  this statim, 
expansion waves frqm the  convex surface were  neutralized. In this way, 
the  velocity at the 100-percent-chord  station  was  Increased  to M = 1.71. 
At the cmvex surface the  velocity w a s  increased at flrst an3 attained 
a value of M = 1.99 at the  23-percent-chord statim and remained 
constant to’the 83-percent-chord etatim. From the @-percent  to  the 
100-percent-chord  station anly the  compression  waves  from  the  concave 
sur face were neutralized, and the  velocity  decreased to M = 1.71. It 
may be  noted  that the cross  section of ths  channel  remained  constant 
fram the  23-percent to the  83-prcent-chord  statioa.  For  the  design 
conditions,  the  Mach nmn$er at  the  exit was uniform  and e q u d  $0 the 
ezltrance Mach numker. The area  ratio &/A1 for  this  desiep  condition 
wae 1.00. 

lk order to investigate  the  effects of 8111931 posltive an3 negative 
pressure gradlent8 along the passage, tests  wera made with differant 
area  ratios ranging from 0.96 to 1.29. The area ratios (and stsger 
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angles) were varied by mcrping the  concave mface In a directfan 
parallel to  the mdisturbed stream;  thus a gradual i nz rease  and 
decreass was intro.duced In cross-sectional area almg the  passage. 
Because t h e  convex  surface near the leading edge w a e  pamllel to 
the etream  directicm, the passage can be used for blade designa of 
rotor8 with different  velocity  diagrams. In figure 5 some  possible 
blade designs m e  shown, and ths  principal  geometric parameters are 
shown in table 11. 

. . .  

t 

Model 2.- The characteristics  net f o r  d e l  2 is presented in 
f i g u G m n  order to increaea  the  thickness  ratio and decrease  the 
solidity as compared  with those for mob1 1, the  following  differant 
design  condition8  wera  chossn: A loo shock Instead of a h0 shock was 
intro3uced  at the leading edge of  the  concave surface a d  thus  more 
expansion waves were  introduced  at  the cmvex surface in front of the 
shock in order  to  facilitate  the  reflection of the  ahock; aleo, the 
difference  between  the  velosities  at  the tx0 surfaces was made larger 
than  for  model 1. 

- 

At  th9  concave surface the  Mach number behind the shock was 1.36 
and increased  to 1.50 at  the  15-percent-chord  station. (See figs. 2(b) 
and 3(b).) From the  15-percent-chord statim to tha 6-percent-chord 
station  the  Mach nwnber remined constant. From the @-percent to the 
100-percent-chord  station t he  expansion waves *am the  convex surface 
were  neutralized,  and  the  Mach nmber at  the  concave  surface  Increased 
to 1.77. At  the camex surface, expansion waves were produced up to 
the  17-percent-chord statim where  the  Mach nlzmber reached a value 
of 2.21. The ahock f r m  the  leading  edge of the  cancave surface mqt . ,  

the convex  surface  at  this statim, and  the value of the  Mach number 
dropped to 1.64; however, more expanaims were  introduced behind ths 
17-percent-chord  station, an4 t h e  Mach number Increased to a value 
of 2.13 at  the  38-percent-chord  station. From the  38-percent to 
the  70-percent-chord statfm, the  Mach  number  remained  constant. Dam 
the  70-psrcent to the 100-parcent-chord  station, the compression waves 
from  the  concave  surface were neutralized,  the  Mach nmber decreased 
to a value of 1.77. The design Mach  number at the  exlt waa uniform  and 
waa selected  to be slightly larger than the entrance Mach nmbsr t o  
compensate  for  the boundary-hyer growth along the convex  eurface  as 
observed in teste of model 1. It may bs noted  that t h e  crose-section 
of  the chaanel remained  conatant from the  38-percent  to t h e  70-percent- 
chord  station. For the design smditims ths area ratio &,Al wa8 1.07'7. 

" 

d 

I 

.. ",. 

Tests were made for variouer values of area ratio (ranging from 1.028 
to 1.421), obtained Is. the same manner a8 for model 1. Also because the 
convex surface m8 deeigned parallel to the stream  directicm in the 
region of  the leading edge,. t h e  p~tssage c m  bo ussd for blsds designs 
of rotors with different  velocity diagrams. Ln figure 7 some poseible 
blade deeigns m e  shcrm, and the  principal  geometric  parametere ara 
shown in table If.. . . .-. . . ." - . . .  . I. E 

s - 



NACA RM LgGO7 
w 

7 

Model 3 . -  For models I an3 2 the cross  section of the channel was . 
J mainta3ned about  constant over a large p a r t  of the passage. In model 3 

a contraction of t h e  channel  was  Fntrohced.  This  caotractian  permitted 
the thickness  ratio  of  the  blade to be increased and ala0 Introduced a 
favorable  pressure  gradient along the convex surface in the regtan where 
the flow tended to separate  as observed in tests of mOd018 1 and 2. 
This pressure  gradient renmined favorable untll 700 turning was 
accomplished. (See figs. 2(c) and 3(c).) 

The characteristics net  for  model 3 is  presented in flgure 8. 
A 10' ahock was prduced- st  the leading edge of ths concave surface. 
This shock w a s  followed  by  compressIan waves, and the Msh nmber 
decreased  to a value of 1.14 at the 20-percent-chord statim and 
remained constant to the  50-percent-chord  station. (See figs.  2(c) 
an3 3(c).) Fram the %-parcent to the 100-percent-chord statim the 
Mach number W&B increased gradually to- a value  of 1.76 at the 
103-percent-chord  station.  At the leading edge of  the convex surface, 
a straight sectim was extended to .the 5-percent-chord  station, after 
which expmsions were  introduced and the Mach number  increased  to a 
value of 2.13 at the  23-percent-chord  station. Tne ahosk mve from 
the leadkg edge of t h e  concave  surface  m4t the convex  surface at 
this point, and the Mach nm3er dropped to a value of 1.50. More 
expansions  were gradually intro-fhced, and t l i e  Mach numibdr increased 
to a maximum value of 2.04 at the 60-percent-chord statim and then 
gradually decreased to a value of 1.76 at  t h e  100-percent-chord 
station. The Mach nmbr at the exit was uniform. 

Ln this  design  the blade has a much  larger W c h e s s  ratio  than 
the  preceding  blades, and the solidity IB d e r .  (S3e table 11.) 
The concave  eurPace was not moved In tests of model 3 -  Ths desiep 
mea ratio &/AI is 1.208. ~im 9 iuuetrates a possible blade ' 

desi= represented by model 3 .  

Model 4 .- If the expamian in front of the shock alang t h e  convex 
surface is very large, the  curvature of the blade  increases,  the 
solidity  decreasas, and t he  thiclmeaa  ratio of the blade increases. 
Model 4 was therefore desifped to  3etermFne the effect of a large 
increasa in ths initial  rate  of  erpansian and total expansion almg 
the  convex  surface ahead of the zone in &ich  compression wavea 
produced by the  concave eurface meet the concave  surface and, therefore, 
in  this  manner determFne t h e  effect of a large curvature on the 
separation  that was observed to occur in this zone. 

The characterietice  net  for m d e l  4 is shown in figure 10( a) . In 
model 4 a strong  shock of l 5 O  was introduced  at the lead- edge of the 
concave surface that reduced  the speed from M = 1.71 to M = 1.35, 

10-percent-chord  station. (See figs. 2(d) and 3(d) .) The Mach number 
, and  further  compression raduc.ed the  Mach  number to 1.07 at the 



8 - HACA RM L9GO7 . 

then gradually increaeed  until,  at  the  100-percent-chorlt  station, a 
value of 1.75 was reached.  At  the  convex surface a strong e~paneian 
was introduced, and the maximum theoretical  Mach nmber attawed 
ie 3 .TO  at.  the  25-percent-chord  station. In the actual f l o x  a local 
separation was expected  to  occur  which would reduce ths local 
expansion. The expansion was followed by a z a m  of compression in 
which  the  velocity  decreased to a value of 1.70 at  the  35-percent- 
chord  station. F r a u  t h e  35-percant to the  100-percent-chord statim 
the  Mach  number was gradually increased to a value of 2.08, which 
value is  higher than that  necessary for the concave surface to 
compensate for  the  expected  large  eeparatian. In the actual  case, 
the boundary layer effectively  change8  the  curvatupB on the  convex 
surface, and,  therefore,  the expansion would be expected  to be less. 

After the tests  of the o r i g t a d  configuration  (fig. lo(&)),  
mock1 4 wae  slight-  modified in order  to  decrease the z a e  of 
separation  obtafned in the  teste. ffgure 10(b) t h e  characteristics 
net  for t h e  modified configuratiaa  tested is presented. In this char- 
acteristics  net, a zone of local separation at R point ahead of the 
s h x k  reflection has been a s m d  in oriLer to analyze the effects of 
the  sepsratian on the local expansion in the z m 0  ahead of the  shock. 
The maximumMach nunber ahead of the  shock  at the cmvex surface 
is 2.34 and decreases to 2.25 behind the shock dong the conyex 
surface. (See figs. 2(e) an1 3( e) .) From the 30-percent to the 
80-percent-chord statim the Mach number remaheil canstant and then 
deCr0880d  to a V&Ue of 2.15 at the LOO-percent-chord  6t8tiQIl. The 
Mach nmber after the campression (alang the cmcave surface) was 1.04 
and t h e n  increased to 1.94 at  the  100-percent-chord  etation. Blade 
profiles comapondlng to  the  passage of figures l O ( a )  and 10(b) are 
ShOWn h f i v e  n a  

Variable-span models.- Model 2 m a  wed to investigate the effect 
of a CcmtraCtiOn  of  the arsnulus of  the  rotor in a 8psnwise direction. 
In the first configuration (ahown in. f i-g. 12) ths fairing introduced 
dong one side -1 etarting at the 30-psrcent-chord Btatian gave a 
gradual sgmwlee contraction. The fairing was 80 chosen that the  area 
ratio A*/A~ wae equal to 1.00. A second fairing configuration 
(fig. 13) was -e i n  order to determ~ns the effect  of a spnwise 
pressure  gradient  such  as  would be expected in the  actual  rotor. In 
this  design,  the  variation of area along the pasage wae introduced 'by 
filling one of the comere of -the passage 'between the. convex  surface 
and one side wall. 'Phis filling  started at the 30-percent-chord statim 
m d  gradually increased in size so that  at  the  exit of the passage the 
area  ratio - A2 - - 1.016. 

A 1  

Molel ueed for detached shosk.- For % m e  starting cmditicme of 
the  compressor  schems  descrfbed Ln reference 2, variations in entrance - 

t 

3 . . .. 
" 
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velocity and r o t a t i d  speed may occur and, f o r  a rotor  passage such 
as thak  considered  herein, a detached shock will be produced in f'rmt 
of the blade by m e  of the blade surfaces.  For t h i s  case of detached 
shock, it is of interest t o  determine whether the velocity at the  other 
surface of the blade, alw which erpansion would occur,  produces the 
same order of Mach nmbr that would exist if t h e  shock wave were 
attached at  the lower surface. Previous  exgerience hae shown this t o  
be the  case f o r  moderate f low deviatione beymd tha t  for  shock attach- 
ment (reference 3); however, no evidence is available a s  t o  whether 
t h i s   r e s u l t  would hold f o r  much larger flow deviation  resulting in a 
very strong  detached shock; therefore, tests were d e  with a wedge 
at high angles of attack. 

The concave surface block of model 2 was used in the tes ts  of a 
wedge w i t h  detached shock. The upper surface of this block was 
s rb i t r a r i l y  shaped for test convanience. The lower surface was 
desimed in accordance with the previous  explanation  for model 2. 

. The t e s t s  of the turning passages were made in m e  of the blow- 
down Jets of the Langley Gaa D p d ~ e  Section. The appazatue consisted 
of a nozzle and a model especially adapted to simulate the w e a g e  
between rotor  blades. High-pressure air was t h ro t t l ed   t o  th4 desired 
stagnation pressure in the settling chamber discharged though a 
two-dimensional nozzle and a turning pasme to the atmsphere. The 
tes t   sect ion of this nozzle had a span of 2 inches and a height of 
1.5 Inches. A pressure survey made at the tes t   sect ion in!iicated the 
measured Mach  number t o  be uuiform at a value of 1-71. Figure 14 is 
a photograph of m8el 2 munted in the  teat  setup.  Figure 15 is a 
more detailed photograph of the same setup. Both photographs were  
made with me  side wall removed. 

The models of the turning passages were cas t ruc t ed  of two m e t a l  
blocks, each separately supported t o  the side walls in such a way that  
a change in the relative  positions of the suEface8 could be e a p y  
o b t p e d  by moving the concave surface. In the test setup, a bleed- 
off is provided at the entrance of the passage t o  preyent the 
boundary lager at  t h e  top and bot tan of the nozzle f r o m  entering the 
passage. (See fig. 15.1 rr'he boundary layer along the  side wall6 was 
not  eliminated and thus entered the passage. In the actual rotor, 
boundary layer exists at the surfaces between the  mote and between 
the   t ips  of the blade eectione, which correspond to the side W e  in 
the cascade  setup. The surPace between ths roat  sectims  rotates  wlth 
the blades, md it follows that the velocity companent influenclng  the 
boundaq  layer a t  this surface i s  the same as was Fndicated by the 



10 alllllL) NACA RM L9GO7 

ca8cade tests. The surface between the t ip   sec t ians  does not rotate  
wlth the rotor,  and the velocity cnmponent influencing  the bow- 
layer is the &&l velocity. Ln the cascade tests, ho-mver, the 
velocity component i s  the re lat ive  veloci t r  cornpanant, which i s  larger 
than  the axial velocity an9, therefore, the boundary-layer ef fec ts  of 
the cascade t e s h  are slightly exaggerated compared w i t h  those of the 
actual rotor .  

The variation of Reynolds number of them  tes te  was m m l  an3 t h e  
average value based an the chord of the paesage was 9.16 x 10 . The 
span of each turning passage was 2 Inches. The r a t i o  of blade chord 
to span was much greater than would be considered in the design of a 
rotor, and, therefore, the effect  of the boundary layer op1 the Bide 
w a l l s  may win be somewhat exaggerated in them  tes ta .  A large span 
w a s  not possible in the experimental  appaxatua used; however, the . 
large value of the chord facilitated the teat msasurementa of the , 

aerodpmic  properties of the passage. 

k 

Conventional schlieren photographs and shadoxgraphs were obtained 
of the flow along the passage in addition t o  the pressme survey at 
the  exlt  of each passage. The pressure surveys for models 1, 2, and 3 
were taken in a zone where the velocity was expected. t o  be uniform from 
the  nonviscous  theoretical  considerations. The preeeure survey for . 

model 4 wa8 taken in a zone of nonuniform flow. The characterist ice 
net f o r  model 4 WELB made without canceling the cnmpressicm and expansion 
wave8 becauee of the large expected  bomdary-layer  aepar&t.lon which 
would annul. any theoretical  calculations of the flow. 

In model 1 a survey of static and t o t a l  pressures w a s  made at m e  
stat ion b7 us- a fixed rake placed at  the 50-percent-span  atation. 
It was found in  t e s t e  of model 1 that t h e  boundary layer collected in 
the center of the man snd that a single fixed rake could  not. be 
expected t o  indicate a sufficiently  accurate  average of t h e  flo-n Ln 
t h e  passage. For t e s t s  of model 2, the survey of s t a t i c  and t o t a l  
p r e s m e  wae made at  two stations by using two fired rakes, me 
placed at the  50-percent-epan station, and one placed at  the 
10.15-percent-span statim. of the passage. The position of the rakee 
anif a schematic dra-g of the setup  for models 1 and 2 aze shown in 
figure 16. 

Because of the uncertainty of the stream direotian at the exit, 
the s t a t i c  presaure f o r  mob1 2 vas a lso determined by placing the 
static tubes at a slight inslinaticm t o  the axis of t he  passage and 
parallel t o  the surface. No appreciable difference vas obtslned. 
Because a large variation of stagnation-pressure  recovery and of Mach 

' nuniber Ellong the span m e  found in t h e  t e s t e  of mdel 2, ths survey 
in models 3 and 4 wae made at  three epanwise stations. Ln order t o  
obtain pressure data close  to   the sur f~~cea ,  two types of movable rakes 

8 

I 
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t 

havlng  opposite posf t lms of s ta t ic -  and total-preasure tubes were used, 
together  with the fixed rakes praviously used. In this way, a lmger 
nmb3r of points were mmured f o r  each station investigates, and a 
more accurate meaeure of the spanwise distribution of pressure W&B 
obtained. The poeition of the surveys for models 3 and 4 are shorn in 
figura 17. 

In all tests the v d m  of the s t a t i c  pressure at the entrance of 
the passage  could be changed by changlng the stagnation pressure, and 
since the flow of the passage  discharges  into the atmosphere, campree- 
a i m  or expansion waves can be produced at  the exit of the  passage by 
changing the test .stagnation  pressure. The existence of campression 
waves o r  expansion wave8 at the exi t  of the passage can change somewhat 
the phenomena in the boundmy layer upetream in the pasea@ and also 
the  extent of the  separatian region. Ln practical  applications f o r  
steady  conditions the etatic  pressure  outside of each section of the 
rotor  should  probably be equal t o  the average s t a t i c  pressure a t  tbe 
exi t  of the section  considered  (reference 2). In the t e s t a  of models 1, 
3, and 4, the s t a t i c  pressure.wa6  therefore  maintoed  about  equal to 
the average static  preseure at the exi t .  For model 2, some tests were 
made w i t h  different values of exit preseu+e t o  38termine the importance 
of th is  parameter.  Becaqe fts value w&8 not known before the teats, 
the a ta t ic  prassura at t h e  exi t  of the passage in a l l  the tests of 
models 1, 3, and 4 waa not exactly equal t o  the abmspheric pressure. 
The exi t  static praseure is a function of t he  exi t  Mach number,  which, 
re la t lve t o  the theoratical  value, fs influenced by the boundary layer. 
Befare each t e s t  a preliminary estimate w a s  made, and when the 
difference between the  eetimated  pressure and average ffnal pressure 
measured waa large, the I n l e t  pres- m a  adjueted t o  give the correct 
ex i t  pressure. 

Fram the measured static pressure and the  preasura indicated by a 
p i to t  tube, the local  values of Mach number were obtained. The stag-  
nation pressurs W&B then determined from the Mach number and pitot-tube 
pressures. TheMach nmber and e tapa t im   p re s su r s  were used t o  
calculate the average Mach n m b r  and the avers@ atagnatlon pressure. 
The aver-8 stwztlon pressure and the average Mach  number were 
computed In  refersnce  to  the  unit ma88 flow and are given by the 
following exp-e8slcms: 
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Ln the test with two rakee, the average values of M8sb number 
r a t i o  and pressure ratio were computed with the mass flow, calculated 
frcm mgasuremsnts at each rake,  coneidered &E half of the t o t a l  ma88 
flow. Ln the t e s t s  with three rakes the m e a  f l o w  measured by each 
rake, used in t he  average calculation among the rakes, w a s  cmsldered ? 
88 a t h i r d  of the total mas13 flow. 

The wedge used in the detached-shock test wae the cmcave  eurface 
block of model 2 and was teated In the same experimental setup by 
changing the incli.na,-bian of the block  with  respect to the stream 
dlrection. Preseure msasuramsnts and shadowgraph obeervations of 
the flow were made alang the upper surface of the block. The relation 
between the upper surftwe, nozzle blocke, and blade shape, a s  t r e l l  aa 
the general t e e  t setup, are &own in figure 18. 

Model 2 was ueed for the test setup of the three -dbwiona l  teste.  
TKO fixed rakes, one at the 50-percent-span stat.$on.a+gd. one st the 
10.15-percent-epan station. were used for preeeure measureme.nts. The 
planes of survey f o r  these tests were the 8- as f o r  model 2, shown 
in figure 16. 
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' Model 1.- Figure 19 shows the exit Mach  number d i s t r ibu t im  along 
the 50-percent-spen station of the passage of model 1 for three 

pos i t ims  of the  cmcave surface correspmding t o  - = 1..197, 1.105, 

and 1.012; figure 20 presents the local stagnation-pressure-recovery 
distribution  for  the e m  three values. 

A2 
AI 

The Mach  number and staepation-pressure  distributions  indicate 
that,  in the zone near the cmvex  surface, a separation  occurs w i t h  
subsonic flow. Also, from the schlieren  observatims, waves were 
fauna in the z m e  In which the  pressure  survey  indicates a separatim. 
It appears,  therefore, that a nonuniform velocity  distribut;im must 
also be  expected across the epan of the passwe 88 a r e su l t  of the 
boundary layer froin the side walls; consequently, in t e s t e  of the 
other  turning passagee, the survey WBEI ccmducted in mre than m e  
spanwise plane. The data f o r  models 2, 3, and 4 show that a velocity 
gradient along the span does exis t  and that the bouudary layer tends 
t o  collect  at  the  50-percent-span station. The mfdspan etat ian is 
thud the   s ta t ion   a t  which the largest losses are expected, and it 
follows  that  meaauremnts made at  t h i s  station do not  represent  the 
average values for the paeeage. These reeuLta, however, do give a 
canservative  indication of the performance of this paasage. 

Figure 21 gives the   ra t io  - (the r a t io  of the  average exit 

Mach  number t o  entrance Mach nmker) plotted against area r a t i o  - A2 

and figure  22.presants  the r a t f o  - p2av ( t h e  average exit stagnation 
PO 

pressure t o  the entrance  stagnation preesure) against the m e a  r a t i o  - 42 
A1* 

These fi-8 Show that   the   ra t io  - M2av 
M1 

increases with insrease of mas 

r a t io  -= A7 ' whereas the  stamation-pressure  recovery &owed little vari- 

WaV 
M1 

*1' 

A2 

ation,  the mum value of - '2av 
PO 

being 0.84. 

The results from t e s t s  of d e l  1 thus ahow tha t  a flow at  a Mach 
number of 1.71 can be turned goo with moderate l0sse8 in prassure 
recovew when the exit Mach nmiber is of the sane order as the  entrance 
Mach number. 

w 

Model 2.- The exit Mach nlunber s s t r i b u t i a u  a t  the 9-percent-- 
station and at the  10.15-percent-span statim of model 2 at the deai- 

v 
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conditione  at .the exit of the passage. The ratios of static pressme 

of the  stream  to  the  atmospheric preseure - are 1.28, 1 .O , and 0 .@, 
for  the three conditione. 

PI 
PA 

Ffgure 24 present8  the  etatic-preeeure  distributian and the 
stagnatlan-pres8ure-recove~ distribution  at  the  5O-percent-span 
etatian f o r  which the variations  obtained  for the three values of - 
considered  were larger than  at  the  10.15-percent-span  statfon. 
Figures 25 and 26 preeent the average  exit  Mach number and the 
staguation-pressure  recovery  at the two statione as functiane of the 

area  ratio - for t h e  three values of - cansidered. Theee figures 

ehow that t he  average  exit  Mach nmber varies  coneiderably when the 
exit  conditions of the  passages  change. When the  entrance  static- 
pressure ratio  decrease6 or whm - increaeee,  the separatim an the 
convex  surface  increaees  and  the  Mach  number  decreases. 

P l  
PA 

A2 
A1 PA 

42 
A1 

Figures 27 and 28 give the aver-  Mach  number  ratio and average 
stagnation-pressure  recovery  for  the  three  entrance  static-pressure 
ratios  plotted  againet  the  area  ratio -. The value8 in  figures '27 

and 28 are an average of the  two  etatians.  Although  the  variation of 
the  entrance  static  pressure  affects  the  exit Mach number a large amount, 
t h e  Veu;.iatiOn ha8 little  effect (ID. the V d U e  Of the sta.@latim-pr08SWe 
recovery. In figures 2'7 and 28 a dotted line has beem dram that corre- 

%av p2av Spond8 to the vaUf38 O f  - and - for  which the atmospheric 

pressure at  the  diecharge  ie equal to t h e  static pressure at  the  exit 

of the passage. The average maximum value of 7 f o r  m o d e l  2 ehom 

pi2 
A 1  

M1 PO 

'2av 
=0 

fn figure 28 18 about 0 .W and occurs at the  highest  value of -. P1 
PA 

Shadowgraphs of the flow in t h e  passage f o r  model 2 are shown in 
figures 29 and 30. Fran the ehadowgraphs, the flov at the entrance of 
the passage- appears to be.sFmilar to  the flow given by the theoretical, 
analysis.  At  the exit,  separation OCCUTE an the  convex eurface that 
changee  the  velocity  distribution in the epanwiee plane. From t h e  
shock6 on the total-pressure rake tubes  (short  tube8 are  at t he  

T 
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10.15-percent-apan s ta t ion and long tubes are a t  the 50-percent-span 
station) it is possible t o  determine that the separation zone is  
thicker  at   the 50-percent-spam stat ion than at  the  10.15-percent-span 
s ta t ion of the mdel (at  the 10.15-percen5-span e t a t im   the  shocks are 
extended nearer t o  the convex surface than a t   t he  50-percent-span 
s ta t ion) .  These resu l t s  are d a o  shown from all the pressure d i s t r i -  
butions  (figs. 23, 25, snd 26), which indicate  that the flow in the 
passage is  far from two dimensimal. 

An erplanatim of the fact that the separated  regia+  tends t o  
collect  at the m i d s p a n  of the passage can be deduced *om the cansider- 
ation 04 the centrifugal  forces and the  boundary-layer  effects g o n g  
the  side walls (reference 4). For  every  section of the pssssQe a 
negative grsdien-k of veloci ty   e l is ta  in the normal direction from the 
convex surface t o  the cmcave  surface. (See, f o r  example, f i g .  6.) 
The negative  gradient of velocity  corresponds t o  a poeitive pressure 
gradient, which, outside of the boundary layer, b R . 7 e s  the centrifugal 
forces. Because of the pressure  gradient, the boundw layer on the 
side waUs and on the cancave 9wfac8, W c h  has higher pressure, tends 
to move i n  t o w a d  ths  convex surface; therefore, L L l  the boundaxy layer 
tmds   t o   co l l ec t  at the middle of the convex surface. A schematic 
distribution of the boundary layer and the s e c o n m  flow lnvolved is  
shown in figure 31. A dlfferent phenomena occurs in the  actual ro to r  
because centrifugal  forces ex is t  in the Bpanwise directim out toward 
the   rotor   blade  t ip  and probably  separation would tend to form near 
the root of the blade. 

L .  

Model 3 .- Figures 32, 33, and 34 &ow the Mach  number dietribution, 
the eta~ation-pressure-recwery distributian, and the static-pressure 
distribution at the three spanwise stations  considered  for model 3.  A t  
the 50-percent-span s ta t ion (fig. 32) the stream velocity  tends to 
decrease near the convex eurface in a manner slmilxtx t o  that of models 1 
and 2; however, fo r  model 3 the stream remains supersonic n e e  the 
convex surface. The boundary-layer  thlc'knese a t  t h i s  spanwise stat ion 
(shown bg fig.  33) is approxlraately O..3O inch frm the canvex BuTface. 
A comparison of Mach nmfber distribution and s t w t i m - p r e e e u r e   d i e t r i -  
bution a t  the 50-percent-spm statim between model 3 (f ige . 32 and 33) 
and m o d e l  2 ( f ige . 23( a) and 24(b) 1 &owe that model 3 has a much higher 
velocity with 8m&uer losses In ppxwure recovery near the convex surface 
than mdel 2. 

8 

The Mach  n'lrmber distribut-lon at  the 25-percent-span s ta t ion 
( f ig .  32) shows tha t  near the  cmvex Burface a Mach n W e r  of 2.19 is 
attained which is the  highest value o3tained for the three staticma. 
A t  this etaticm,  therefore, no separation i s  apparent, and t h e  thick- 
ness of the boundary layer is very amdl. The Mach nmbr distribution 
a t  the lO.l5-percent-span statim (f ig .  32) shows a value of Mach 
number of 1.99 neaz the convex surface at the  potat cprrespcmdfng to 
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t h e  value of 2 .lg at the 25-percant-span station. The Mach number 
dfstributim  obtained ehows that near the convex surface the velocity 
is  st i l l  supersonic and, therefore, no strong separation  effects  exist. 

The stagnation-preseure-recovery dlstribution  (fig.  33) at the 
three 8panwim s t a t i m s  follows that indicated by the Macb number 
distribution. The largeet loeses exis t  at the 5O-percent-a-pan statim 
near the convex eurface. The losses B;PB EKrmewhat less at  the other 
two stations  (fig.  33) . 

Figure 34 preeente the etatic-pressure  diatributian a t  the three 
Bpanvise atatlone, and the  etatic-pressure  distribution appeaze to  
follow the  indicatiane of Mach nmbr and stagnation-pressure-recovery 
d is t r ibu t im.  

The etagnation-pressure  recwery  obtained f'rom the average of the 
three stations f o r  model 3 l e  0.9, and t he  corresponding average ex i t  

Mach nmber r a t i o  % is  1.06. These results show tha t  an appreci- 

able gain in pressure recovery haa bean obtained with the- Introduction 
of a cmtract ian in the passage and indicate that the introduction of 
a favorable preesure gradient in the z m e  of large curvature  (fig. 3) 
hae a large and favorable  effect on the boundary layer at the ccnvex 
surface and cau8e8 8 luge redmtim of separation. A shadowgraph f o r  
model 3 ie presented in figure 35. 

M l  

Model 4.- Figures 36, 37, and 38 present Mach  number distribution, 
s tagnat ion-~ssure-recoverg distribution, and static-preseure distri- 
bution,  respectively, at three spanwise etations for the o r i g i n a l  desi- 
of model 4 corresponding t o  the passage considered in figure lo(a)'. 
Figure 39(a) preeents a ahadowgraph of the f l o w .  The results show that 
a large zone of separatian occurs at the three statims. The height of 
eepamted f l o w  is  a maximum at  the 50-percent-8pan s t a t i m  where large 

zone of aepaxatim correeponds t o  large loeses in stagnation pressure; 
however, the velocity in t h i s  zone is  low and, therefore, the effect an 
the average pressure recovery for   uni t  m&88 f l o w  i e  not too  large. An 
aver- etagnation-pressure recovery of 0.88 W a 8  obtained KLth thie 

model, and the  come apmding average Mach n m b r   r a t i o  - M2av is  0 46. 

l O B 8 e S  e d s t  Up to 0 -80 inch f3?om the ccmvex EUrfaCe ( f ig .  37) . The 

Ml 
Because of the large curvature of the convex surface, separation 

start8 somewhat upetrem of the zone in  which the hock Anan the concave 
surface m e t e  t he  convex surface ( f ig .  39(a)) . m e  separatiau  tende  to 
contract the paeaage and reduces the locd Mach  number t o  values less 
than 1.0. Ln order  to avoid thfe  condition, a small change in stagger 
angle and curvature was introduced in the mdel and the tests were 
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repeated. The modified passage tested correKponds to the  design shown 
in figure  10(b). The shadowgraph  of flow in the  modified  passage 
( f ig .  39(b)) indicates that an increase of local Mach number w a s  
obtained in the zone of separaticm. The average ex i t  M a c h  number 
m s  1.04 of the  entrance Mach number. The separation was reduced; 
however, no gain in pressure recovery was obtained, and an average 
value of 0.88 was measured also fo r  t h i s  configuration. 

Variable-span models.- The fairing  previously  dlscussed and shown 
in figure 12 reduced the  area  ratio of model 2 from 1.24 t o  1.00. The 
test resulte Tor model 2 with the  fa i r ing gave an average stagnation- 
pressure recovery of 0.84 and a correaponding  average Mach nmiker r a t io  
of 0.80. These resul ts  are close t o  those  obtained from the two- 
dimensional tests of model 2 for the same area r a t i o  (fige. 2'7 and.28), 
and show that two-dimensional resul ts  can  be  used BB a f i rs t -order  
ind.icaticm of results t o  be e-cted for three-dimensional passages. 

In an ef for t  t o  simulate the large pressure  gradient dmg the 
qan in the same directian as the  presmre gradient obtained i n  the 
passage of a rotor,   the-variation of passage croas  secticw f o r  the 
second three-dimansimal test was obtafned 'by f i l l i n g  one corner of 
the passage (fig. 13). The spanwise pressure gradient in the r o t o r  
depends primarily M the ro ta t iona l  velocity;  therefore,  the  Intensity 
of ths pressure gradient In these tests (0.563 atmosphere per inch) 
may be smaller than that fo r  8111 actual r o t o r  (1 .O ahnosphere per Fnch) 
but is  an appreciable  fractian of t ha t   fo r  an actual rotor. Because 
the  effect  is important miLy Fn the boundary layer and because it was 
not  possible f o r  the experimmtal system t o  proifuce the dissymnetry 
all along the passage, the filling of the corner was gradual ( f ig .  13) . 
The area  ra t io  +/Al for t h i s  model was 1.016. For  this  conditian tm 
average stagnatian-pressure  recovery of 0.85 uith &z1 average Mach 
number equal t o  0 .w of the entrance Mach nrmiber was obtained. These 
results are d m  in good agreement with the results obtained in the 

two-dimenelanal tests at - A2 - - 1.016. 
A 1  

Wed- with detached shock.- A photograph of the setup  for  study of 
the phenamens with detached shock is shown without f l o ~  In figure 40. 
The lower surface has a large inclination to the stream  direction, and 
the deviation of the stream is larger than the maximm deviation for 
shock attachmen% for  the stream Mach nmbr ( a t  M = 1.71, = 17.16) . 

A t  the upper Burface an expansion would be expected if no 
detached &oGk were produced by the lower surface. The shadowgraphs 
(figs.  41, 42, and 43) @my the flow field  for   three  angles  of attack 
equal t o  29.83', 35'-, and 40.@ at the  lower surface of the wedge, 
and table III shows a crrmp~rison of the Mach number that would 
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be obtained  without the presence of detached shock and the Mach  number 
measured from the total-preasure and the  static-pressure  distribution 
along the upper  Burface, The shabwgraphe show that sepza t ion  similar 
to the subsonic  separation  found f o r  w e d g e s  in a mbsonic stream exiets 
w i t h  a vortex  localized a t  the leading edge behind  the  detached shock. 
The separration l a  localized and the stream reattaches at  the surface, 
an expansion is produced, and the loca l  speed win become  supersonic. 
The reaul t s  of reference 3 indicate that, x i th  normal shock close to 
the leading edge, the flow is still attached. The values of theoretical  
and meaaured Mach numbers In t ab l e  III show that the presenke of strong 
detached shock does  not change appreciably the fl- along the upper 
muface f o r  the  range of angles of attack  teated. 

In order to turn a supersonic skeam through a large angle Fn a 
passage of practica3 djmensione, the speed  along the convex m a c e  of 
the passage mst be .increased  considerably  with  reepect to the speed 
along the concave Burface of the passage. If t h e  stat ic   pressure a t  
the exit is equal to t h e  s t a t i c  preseure a t  the e n t m c e ,  a compression 
of the flow must occur a t  the convex surface' ahead of the passage exit 
and an expaneion a t  the concave surface. The conditione for separation 
of the b o w  layer deped t o  a lazge extent On the magnitude o f t h e  
poeitive pressure gradient and the curvature of the convex surface. 
The possibi l i ty  of separation  increase8 if the  exit   atatic  pressure 
is larger tplan the entrance stat ic   preseure and decrease~l  for the 
opposite  condition. The prevention of aeprati .on of the  bo- 
layer a t  the convex smface is made more d i f f i cu l t  by the  necessity 
of having  a shock a t  the 1- edge of the concave surface because 
this shock meets the convex surface Ln the region of lmge curvature. 
The boundary-layer separation can be m t n i m i z e d  by introducing a 
favorable pressure gradient along: the convex surface i n  the zone of 
large curvature behind the shock. 

O f  the four goo turnfng passa,ges tested, the highest pressure 
recovery was obtained with a passage in which a favorable pressure 
gradient along the  convex surface X ~ B  Introduced behind the p o u t  of 
shock reflection. A large con-&&ction  of the peaage xas wed in 
order to permit the Introduction of the  favorable preesure gradient. 
The pressure loss for this design was 5 percent of the m e t  stagnation 
pressure for a r a t i o  of entrance  to exit Mach  number of 1.06. The 
pseage contour corresponds to  a pract ical  compressor rotor blade 
having  a t h i c h e s s   r a t i o  of 0.12 and a flolidiw of 3 . 1 .  . 

Tests which were made to  investigate the flow behlnd a detached 
shock a t  the lead- edge of the concave earface Qf 4 turning  passage 

V 

? 

I 



indicate that the flaw at the aurface on which expansion occurs is not 
changed appreciably by the presence of detached ahock. (For an angle 
of attack of U.lo the theoretical  Mach  lltrmber is 2.47 and the  m e a s u r e d  
Mach number is 2.62. ) 

Iangley Aeronautical  Laboratory 
l?ationalAdvieory C a m i t t e e  f o r  Aeronautics 

-ley A i r  Force Ease, Va. 

1. Kmtrowitz, Arthur: The Supersanic Axial-Flow Compressor. 
NACA ACR L-2, 1946. 
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Figure 1.- Symbols d e W g  blade geometry. 
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Figure 2.- The variation of local Mach number along- the convex and 
concave surfaces with percent chord for  the different models. 
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Figure 3. - Variation of local Mach number along the convex and concave 
surfaces with local surface angle for the different models. 
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Figure 4.- . Characteristics net for model 1. 
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(a) stagger angle, 45'. 

Figure 5,- Possible blade shapes for model 1. 
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(b) Stagger  angle, 55O. 

Figure 5.- Continued. 
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Figure 5.- Concluded. 
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Figure 6.- Characteristics net for model 2. 
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Figure 7.- Possible blade shapes for model 2. 

W 
W 



(b) Stagger angle, 55'. 

Flgure 7.- Continued. 
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Figure 7.- Concluded. 
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Figure 8. - Characteristics net for model 3. 
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(b) Boundary-layer separation taken into consideration. 

Figure 10.- Concluded. 
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(a) Blade corresponding to figure lqa). Stagger angle, 47'. 

Figure 11.- Possible blade shapes for model 4. 
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Figure 11.- Concluded. 
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Figure 12.- Schematic setup for first variable-span model. 
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PYgure 13.- Schematic setup for second varlable-span model. 
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F i p e  14.- Model  mounted in tes t  setup with one sLde wall removed. - 
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Figure 16.- Schematic test setup for models 1 and 2. Plane of survey for model 1 
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Figure 17.- Schematic test setup for models 3 and 4. 
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Figure i8.- Schematic test setup for model used for detached shock, 
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Figure 19.- The variation of local exit W c h  number with distance from 
convex surface for  three'area  ratios f o r  model 1. 
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Figure XI.- The variation of the local 6 t a g r a t i o ~ r e s m e  recovery with distanCe 
from convex s-e for three area ratios for model 1. 
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Figure 21.- The variation of the average Mach number ratio with area ratio for 

model 1. 
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Figure 22.- The variation of the average  stagnatfo*pressure recovery with area 
ratio for model 1. 
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Figure 23.- The variation of the avemge exlt Macn number with distance fmm 
convex surface for three &tiepressure ratios at an area raUo of 1.077 for 
model 2. 
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(a) Local static-pressure  ratio. 

ngure 24.- Pressure distribution at 50-percent-span station for three static-pressure 
ratios at an area ratio af 1.077 for model 2. 

I 
. . . . . . . . .  . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  -. . . . . . . . . . .  



. .. . .  .. . . .  . . . 

* 

.2 .4 .6 .B 

IXstance Prom convex surfme 

(b) Local. stagnation-pressure recovery. 

, M g u r e  24.- Concluded. 
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Figure 25.- The variation of the average Mach number with area ratio for three 
statlopressure ratios for model 2. 



Area ratio, - 
A, 
*2 

Figure 25.- Concluded. 
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Figure 26.- The variation of the  average  stagnatio&pressure  recovery with area ratio 
for three static-pressure ratios for model 2. 
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Figure 26.- Concluded. 
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Figure 27. - The variation of the. average Mach number ratio W i t h  area ratio at three 
staticpressure ratios for model 2. 
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Figure 28.- The variztion of the  average sta.gnation+ressure recovery with area ratio 
at three static-pressure ratios for model 2. 
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Figure 31.- A schematic diagram of the boundary layer and the Secondary flow. 
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Rgure 32.- The variation of the average exit Mach number with distance from convex 
surface for model 3. 
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FTgure 33.- TIE variation of the stagmtion-pressura recovery with -e from 
convex m e  for model 3. 
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Flgufe 34.- The variation of the local Statlc-pressure ratio with distance from convex 
surface for model 5 
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Flgure 31.- The variation at the sk-igmtion-pressure  recovery wlth distance from 
convex surface for model 4. 
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(b) Passage c m e s p o n d i q  to oharsctaristics net shown in figure l.O(b). 
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Figure 40.- A photograph of the angle of attack setup without flm. 
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Figure 41.- A shadowgraph 
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of the flow at an angle of attack of 29.83'. - 
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